While there are several studies on the ecology of Vibrio vulnificus and Vibrio parahaemolyticus in estuarine water environments around the world, there is little information on the distribution of both organisms during the cold-weather months. Thus, we conducted a multi-year study on the ecology of both organisms in brackish environments of the Sada River, a drainage canal flowing slowly into the Japan Sea from Lake Shinji in Shimane Prefecture, Japan. Water samples were collected twice a month at five sites from August 2000 to May 2002. Both organisms were enumerated in 10 l water, 100 g sediment and 10 g shellfish by the most probable number (MPN) procedure. Isolates were confirmed as V. vulnificus using hemolysin gene PCR. During the last 7 months (including winter) of the study, water and sediment samples were also analyzed for the presence of both organisms. V. parahaemolyticus was isolated from river mouths and coastal environments of average salinity =4.4 AE 2.0 ppt throughout the year at cell concentrations of 10 À3 to 10 1 MPN ml À1 . Similar concentrations of V. vulnificus were isolated from coastal environments of average salinity 24.0 AE 5.4 ppt, except for two times when water moved to the upper reaches due to high tide and V. vulnificus was rifted to the upper reaches. These findings suggest that both organisms are continuously distributed in the Sada estuary throughout the year regardless of water temperature.
Introduction
Vibrio vulnificus can cause both septicemia and wound infections [1, 2] while Vibrio parahaemolyticus is a well-known food-borne pathogen causing gastrointestinal disease in humans [3] . Both bacteria are widely distributed in natural aquatic environments around the world [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] . V. vulnificus disease is most frequently associated with ingestion of contaminated raw seafood, especially raw oysters in the United States, and in almost every case the patient has a chronic underlying disease. The high fatality rate reaches 60% [13] . In Japan, V. vulnificus disease occurs mainly in people who have eaten slices of raw fish (sashimi) and vinegary fish and rice (sushi) made with raw fish and shellfish caught in an inland sea or gulf during the summer. The fatality rate for septicemia and wound infection in approximately 100 cases reported in Japan since 1978 is 71.4% and 25%, respectively [14] .
Several studies have reported the presence of V. vulnificus, and other estuarine vibrios, along the Gulf Coast [8] , West Coast [7] , and East Coast [1, 10, 11, 15, 16] of the United States, and in coastal waters of Denmark [6] , Hong Kong [17] , and Japan [18, 19] . However, except for one study in Japan [19] , no reported long-term study on the ecology of V. vulnificus was conducted along the Japanese coast. Since 1978, V. vulnificus infections were reported mainly in the western part of Japan. One of the main virulence factors associated with V. vulnificus infection is an antiphagocytic, polysaccharide capsule [20] . Encapsulated cells are highly virulent, with a 50% lethal dose of less than 10 CFU [21, 22] . In a preliminary investigation of V. vulnificus and V. parahaemolyticus during summer in seven fishing harbors in Shimane Prefecture (western Japan), V. vulnificus was isolated at more than 10 4 MPN l À1 in brackish water at the mouth of the Sada River (Etomo fishing harbor). However, cell concentrations were less than 10 0 MPN l À1 in the coastal water of the other fishing harbors, which did not have a flowing river. The Sada River is unique as a drainage canal flowing slowly out to the Japan Sea (the Etomo fishing harbor in the coast of Shimane peninsula) from Lake Shinji, which is a brackish water lake. The river located in a temperate area and is subject to seasonal changes in temperature (3.5-30.2°C) and to great extremes of salinity (1.3-31.8 ppt). Consequently, this river was deemed ideal for determining the effects of natural extremes of salinity and temperature with regard to the incidence of V. vulnificus.
Like Vibrio cholerae, the frequency and level of V. vulnificus and V. parahaemolyticus are much lower during winter than summer months [5, 8, [10] [11] [12] [23] [24] [25] . These pathogenic vibrios have been found to enter a viable but nonculturable (VBNC) state rather than die when exposed to low-nutrient and a low-temperature environments [26] . Enumeration of colony forming units (CFU) in artificial seawater indicated that V. vulnificus enters a VBNC state within 4 days at 5-10°C [27] and V. parahaemolyticus does so within 50-80 days at 3.5°C [28] . Oliver and coworkers [29] used the CFU method to report that V. vulnificus in estuarine waters of Eastern North Carolina was isolated only when water temperatures were between 15 and 27°C. However, in the Chesapeake Bay, V. vulnificus has been isolated from seawater and oysters at 8.0 and 7.6°C, respectively, using a DNA oligonucleotide probe [12] and from Danish coastal waters at 7°C , using enrichment of 250 ml water samples [6] . These studies suggest the possibility of a few surviving cells of V. vulnificus and V. parahaemolyticus in estuarine waters at lower temperatures than previously reported and these were not absolutely enumerated by the CFU method. Presumably, very few cells are cultured at lower temperatures and it is the multiplication of these few cells during the warmer months that results in their ''re-emergence''. We used the MPN strategy starting from the cultures of 1000 ml water samples to test this hypothesis and to monitor multiplication of these few cells under these conditions. We summarize here two years of research on V. vulnificus and V. parahaemolyticus in the Sada estuary. (Fig. 1) . Average salinity was 24.0 AE 5.4 ppt at site 1 (coastal area), 6.2 AE 2.0 ppt at site 2 (mouth of river), 4.4 AE 2.0 ppt at site 3 (mouth of river), 2.9 AE 1.0 ppt at site 4 (brackish water area) and 2.6 AE 0.8 ppt at site 5 (brackish water area). Four-liter samples of water were collected from the surface of the river in four sterile 1-l polycarbonate bottles. In the Etomo fishing harbor, water samples were obtained from water pumped from the bottom of the harbor. The water temperature was measured using a glass thermometer and salinity was measured in the laboratory using an electric conductivity meter CM-60G (TOA Electronics Ltd. Tokyo, Japan).
Materials and methods

Collection and sampling procedures
Sediment samples were collected in a stainless steel cup twice monthly from November 2001 to May 2002 from the above five locations. Samples of water and sediment were transported to our laboratory within one hour of collection. Water and sediment samples were analyzed using the three-tube most probable number (MPN) method on each 10 ml of alkaline peptone water (APW, bactopeptone (Difco) 10 g, NaCl 10 g, pH 8.6) and then incubated at 37°C for 18 h. MPN counts were carried out in 1 l water subsamples from 10 l water samples and are presented as MPN ml À1 . Three samples each of 1000, 100 and 10 ml were passed through each 0.45-lm-pore-size membrane filter and each filter was then placed in APW. Sediment counts were carried out 10 g and analyzed at MPN 100 g À1 of sediment samples, and are presented as MPN g À1 sediment. The fish and shellfish caught in the Japan Sea and Lake Shinji were bought from retail stores from July 2001 to March 2002 and were transported to the laboratory within 30 min in Fig. 1 . Locations of the five sampling sites in the Sada River.
an icebox. Fish gills and the whole body of shellfish were removed aseptically from each fish and shellfish and approximately 25 g of materials was homogenised with 225 ml APW for 3 min. before enumeration using the three-tube MPN method initiated with 1 g material and generating MPN 10 g À1 .
MPN enumeration and PCR amplification
The MPN of V. vulnificus and V. parahaemolyticus in samples of water and sediment was analyzed using PCR (MPN-PCR). Each 1 ml of APW enrichment tubes, which showed growth was centrifuged at 12,000g for 1 min, washed with 1 ml of 0.85% NaCl solution and centrifuged. The resulting pellet was resuspended in 200 ll of distilled, deionized water and then heated at 100°C for 10 min for use as a template. V. vulnificus cytotoxichemolysin genes were amplified using the VVp1 (5 0 -CCGGCGGTACAGGTTGGCGC-3 0 ) and VVp2 (CG CCACCCACTTTCGGGCC-3 0 ) primer set (519 bp) described by Hill et al. [30] and the V. parahaemolyticus toxR gene was amplified using the primer set 5 0 -AG-CCCGCTTTCTTCAGACTA-3 0 and 5 0 -AACGAG-TATTATGCATGGTG-3 0 (339 bp) described by Kim et al. [31] . Amplification conditions were 30 cycles of amplification consisting of denaturation at 94°C for 8 s, annealing for 10 s at 69°C for the cytotoxic-hemolysin gene and at 63°C for the toxR gene, and extension at 72°C for 20 s. PCR products of the samples and the control strains of V. vulnificus and V. parahaemolyticus, (provided by E. Arakawa, Natural Institute of Infectious Disease, Tokyo, Japan) were visualized by electrophoresis on a 2% agarose gel and stained with ethidium bromide. PCR products were identified by comparison with control strains. To isolate V. vulnificus and V. parahaemolyticus, APW enrichments were streaked onto modified CPC (mCPC) agar [11] , VVM agar [32] , CHROMagar-Vibrio (CHROMagar) and TCBS agar (Nissui, Tokyo) plates which were incubated for 18-24 h at 37°C.
Identification of V. vulnificus and V. parahaemolyticus
Three V. vulnificus-like colonies were taken from each mCPC, VVM and CHROMagar-Vibrio plate and cultured in triple sugar iron agar (TSI, Nishui, Tokyo), lysine indole motility medium (LIM, Nishui, Tokyo) and nutrient broth (Difco) containing 0%, 3%, and 8% NaCl for 24 h at 37°C. Nutrient broth cultures containing 3% NaCl were used to identify the cytotoxichemolysin gene-positive V. vulnificus, using PCR. For biotyping, all V. vulnificus isolates were tested for indole production in LIM supplemented with Kovacs indole reagent after 18-24 h incubation at 37°C. Violet colonies on CHROMagar-Vibrio and/or green colonies on TCBS were cultured in TSI, LIM and nutrient broth containing 0, 3, and 8% NaCl for 24 h at 37°C.
Statistical analysis
Spearman's coefficient of rank correlation (Dr. SPSS II for windows) was used to detect correlations between the presence of V. vulnificus and V. parahaemolyticus and water temperature and salinity.
Results and discussion
The occurrence of V. vulnificus and V. parahaemolyticus enumerated in 10 l water and 100 g sediment according to site, sample type, salinity, and water temperature is shown in Table 1 and Fig. 2 . Previous studies of V. vulnificus along the East Coast [1, 10, 11, 15, 16, 25, 29] of the United States, as well as in coastal waters of Denmark [6] and Japan [19] , have shown counts as CUF ml À1 [1, 10, 15, 29] , MPN 100 ml À1 [11, 19, 25] or MPN l À1 [6] of estuarine bacteria. However, the MPN procedure used in this study is the first capable of enumeration of a smaller number of both organisms even during cold-weather periods. V. vulnificus and V. parahaemolyticus were isolated from 104 (68%) and 118 (77.1%) of 153 water samples and from 22 (31.4%) and 46 (65.7%) of 70 sediment samples, respectively. Quantities of V. vulnificus ranged from 3 Â 10 À3 to 9.3 Â 10 MPN ml À1 among the five sampling sites of the Sada River, at salinity ranges of 1.8-31.9 ppt (average salinity 2.6 AE 0.8 to 24.0 AE 5.4 ppt) and water temperatures of 3.5-30.2°C. Spearman's correlation coefficients (r s ) revealed that isolation of V. vulnificus was positively correlated with water temperature at sites 1 (r s ¼ 0:832; <0.01), 2 (r s ¼ 0:902; <0.01), 3 (r s ¼ 0:861; <0.01), 4 (r s ¼ 0:848; <0.01) and 5 (r s ¼ 0:861; <0.01), as described recently by Pfeffer et al. [29] using the same statistical methods. V. parahaemolyticus ranged from 3 Â 10 À3 to 9.3 Â 10 MPN ml À1 at sites 1 to 4, with average salinities of =2.9 AE 1.0 ppt. However, V. parahaemolyticus was not detected continuously at site 5 (average salinity 5 2.6 AE 0.8). The isolation of V. parahaemolyticus was positively correlated with water temperature at sites 1 (r s ¼ 0:728; <0.01), 2 (r s ¼ 0:733; <0.01), 3 (r s ¼ 0:797; <0.01) and 4 (r s ¼ 0:388; <0.05) but not at site 5 (r s ¼ 0:2; <0.05). These results are similar to those of previous environmental studies, which have shown strong relationships between salinity, water temperature and the isolation of V. vulnificus [6] [7] [8] [10] [11] [12] [13] 25, 29] and V. parahaemolyticus [24, 28, 33] .
Although previous studies [6] [7] [8] [10] [11] [12] [13] 25, 29, 34] generally suggested that estuarine water with salinities between 6 and 16 ppt and water temperatures between 15 and 27°C have been found most likely to sustain populations of V. vulnificus, salinities measured by those studies were always greater than 5 ppt with values within the optimal growth range for V. vulnificus [8, 25, 34] . Thus, it is likely that previous studies did not find a significant relationship between salinity and the isolation of V. vulnificus [29] . However, this study is the first to demonstrate that V. vulnificus can inhabit a low salinity brackish water area at average salinity of 2.6 AE 0.8 ppt and in a brackish water area with salinities between 4.4 AE 2.0 and 6.2 AE 1.7 ppt, which is most likely to sustain populations of V. vulnificus in warm-weather months (Fig. 2) . In comprehensive studies of the distribution and ecology of V. vulnificus in coastal areas [6, 10, 25, 35] , no correlation was found between the presence of V. vulnificus and presumptive Vibrio spp. However, a correlation between the occurrence of Vibrio spp. and V. vulnificus was recently reported by Pfeffer et al. [29] . The present study, using Spearman's correlation coefficient (r s ), revealed that isolation of V. vulnificus was positively correlated with that of V. parahaemolyticus at sites 1 (r s ¼ 0:841; <0.01), 2 (r s ¼ 0:836; <0.01), 3 (r s ¼ 0:894; <0.01) and 4 (r s ¼ 0:496; <0.01), but not at site 5 (r s ¼ 0:364; >0.05). V. parahaemolyticus did not inhabit site 5 even when average water temperatures ranged from 15 to 30°C. These results suggest that the seasonal distribution of both bacteria reflects the water environment at a salinity of =2.9 AE 1.0 ppt, but the distribution of both organisms is slightly different and depends on the salinity of the water; V. vulnificus (but not V. parahaemolyticus) can inhabit low-salinity brackish water area. Therefore, V. parahaemolyticus may be a useful indicator of the presence of V. vulnificus in coastal areas, but not in lowsalinity brackish water areas. The physical properties of the environment (e.g., temperature and salinity) are a simpler and more rapid indicator, and a potential determinant of the presence of V. vulnificus.
In response to decreasing temperature, Vibrio species, including V. cholerae [16] , V. vulnificus [3, 36] and V. parahaemolyticus [28] , may enter a VBNC state in estuarine waters which at times reached a temperature of 18°C [1, 16, 37] . However, 10 À3 to 10 À2 MPN V. parahaemolyticus were continuously detected at the mouth of the river and coastal area throughout the cold weather period (under 10°C) using MPN based on APW which is the optimal medium for Vibrio growth, suggesting that V. parahaemolyticus can inhabit this environment throughout the year, regardless of water temperature. In contrast, one possible reason that V. vulnificus is difficult to culture during cold-weather months is that this organism enters VBNC state [1, 37] . Oliver and co-workers [1, 16, 28, 37] demonstrated this phenomenon in situ in an estuarine environment through use of the enumeration method by direct viable count. However, a small number of V. vulnificus have been isolated from seawater and oysters at temperatures of around 7°C using a DNA oligonucleotide probe [12] and enrichment of 250 ml of water samples [6] . In the present study, low numbers (10 À3 to 10 À2 MPN ml À1 which could not be detected as CFU) V. vulnificus were isolated throughout the coldest months peratures, suggesting V. parahaemolyticus as a useful indicator of the presence of V. vulnificus. The decrease in frequency of V. vulnificus isolation from estuarine waters in cold-weather months has also been suggested to result from an overwintering of the cells in sediment, fish, or shellfishes [29] . In the present study, V. vulnificus and V. parahaemolyticus isolated from 1 g of sediments were observed with numbers 1-2 logs and 1-5 logs higher than those from 1 ml water samples, respectively, at sites 1, 2 and 3 during 7 months (November 2001 to May 2002). Although the isolation of a small number of V. vulnificus from sediment samples is exceedingly difficult, V. vulnificus was isolated with 10 À1:4 MPN g À1 sediment at site 2 in December 2001 when water temperature was 7°C. These findings suggest that both organisms survive in sediment in the cold-weather months and later drift from sediment into the water. While no attempt was made in this study to assess the association of both organisms with specific shellfish and planktonic species [33] , future surveys will include specific shellfish and planktonic populations.
In early spring when water temperature is rising to 15°C from 10°C (February 2001 to April 2002), both organisms grew to 10 À1 from 10 À3 MPN ml À1 of water (Figs. 2 and 3 ). These small numbers of both organisms drifted between the river mouth and the upper reaches with the rise and fall of the tide and were maintained in the optimal salinity water environment. The survival of V. vulnificus in water and sediment during the cold weather period was mainly observed at coastal areas where it was influenced by the Tsushima warm current and average water temperatures during cold weather months were 12.4 AE 3.0°C. At site 1, V. vulnificus was continuously isolated from water samples, except for two samples collected on 28 February and 4 March 2002, when the coastal water rose to the upper reaches due to a strong tide and water temperatures were 11.5 and 12.5°C. V. vulnificus was temporarily isolated from water samples at sites 3 and 4 on February 28 when V. vulnificus was not isolated at site 1, but not on 4 March 2002. Moreover, V. vulnificus was isolated from water samples of sites 1, 2 and 3 on 18 March 2002 when a small tide was observed. In contrast, the survival of V. parahaemolyticus in water and sediment was mainly observed in the brackish water area (sites 2 and 3) and V. parahaemolyticus was also isolated from a water sample at site 4 during a strong tide on 28 February 2002. These findings suggest that both organisms are distributed in the Sada estuary throughout the year regardless of water temperature.
These results suggest that a few cells of both organisms in estuarine waters can survive at temperatures below those previously reported and confirmed that their occurrence in water strongly is correlated to water temperature and salinity, as reported by other researchers [6, 19, 25] . It was demonstrated that V. vulnificus can survive in coastal areas at approx. 10°C even through the cold weather period and V. parahaemolyticus can survive in the river mouth and coastal area even at a temperature around 5°C. However, most of the populations of both organisms died from cold stress and starvation in the cold weather period. This phenomenon was supported by results that salinity and temperature are interdependent and that lower temperatures may increase the tolerance of V. vulnificus to higher salinities [34] .
Although laboratory studies [27, 38] suggested that cold-stressed V. vulnificus can be induced to revert to a culturable form simply by increasing the temperature to ambient, the resumption of culturability following a temperature increase can be accounted for by regrowth of a few residual culturable cells remaining among the nonculturable population [15, 39] . Our findings suggested the possibility that a few residual culturable cells (10 À3 to 10 À2 MPN ml À1 water) account for the resumption of culturability of V. vulnificus and V. parahaemolyticus following a temperature increase. However, this theory must await confirmation by a more detailed continuous examination with shorter intervals over the cold weather months.
A close correlation between the occurrence of V. vulnificus and V. parahaemolyticus in water and of both organisms in fish and shellfish samples was confirmed in this study ( Table 2 ). The highest densities (10 3 $> 10 6 MPN 10 g À1 ) of V. vulnificus were obtained from fish in Lake Shinji when high densities of V. vulnificus were isolated from water samples, suggesting that V. vulnificus is frequent and present in fish and shellfish living in a brackish water environments, such as a brackish lake and the mouths of large rivers and bays were salinity is optimal. In contrast, the densities of V. vulnificus in shellfish (Top shells and Oysters) from the coast of Shimane Peninsula, which is exposed to the Tsushima warm current and does not have a large bay, were very low. The low probability of finding a viable V. vulnificus cell may explain why V. vulnificus cannot become a major component of the natural microbial community in shellfish inhabiting a high salinity water area such as an open coast.
